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Abstract The main pioneer frontier considered by
geographers is the Amazonian pioneer frontier. The
occupation of the Brazilian territory has been carried
out through successive economic cycles. Currently,
the expansion of soybean crops in Amazonia is
considered as the last economic cycle involving new
migrations to still unexplored areas. Mapping this
frontier is necessary in order to better understand its
drivers and think about efficient land use policies to
struggle its progress. In this paper, we propose an
innovative methodology for mapping the agricultural
frontier in the Amazonian state of Mato Grosso
(Brazil) using satellite data acquired during the
2000–2006 period. We assume that the frontier
evolves through successive land-use stages such as
wildlands, non-croplands, extensive croplands and
intensive croplands areas. The transitions between
two stages can then be monitored through land-use
change analysis. A particular emphasis is given on
three land-use transitions named ‘‘deforestation’’,
‘‘economic’’ and ‘‘intensification sub-frontiers’’. In
order to adapt this model for the use of remote
sensing data, we defined (1) a relevant spatial scale
corresponding to an agrarian locality, (2) relevant
indices to qualify the land-use types and (3) rules
applied on land-use types to define the frontier’s
location. Our results highlight the dynamic of the
agricultural frontier towards northern areas. We
identified four main agricultural regions with differ-
ent levels of agricultural intensification. We finally
discuss these results with respect to governmental
policies and economics for a better understanding of
the frontier’s dynamic.
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Introduction
Nowadays, the main pioneer frontier considered by
geographers is the Amazonian pioneer frontier. The
occupation of the Brazilian territory has been carried out
through successive economic cycles. It first began with
the exploitation of the Pau Brasil wood which led to the
first European settlements in the Northeastern region of
the country in the sixteenth century. Then, the gold
mining, the sugar cane plantation, the hevea extraction
and coffee cultivation attracted new migrants who
successively settled new areas further in the inland.
Currently, the expansion of soybean crops in Amazonia
for nearly 40 years may be considered as the last
Brazilian economic cycle which involves new migra-
tions to still unexplored areas. The most common term
related to the frontier expansion in Amazonia is the ‘‘arc
of deforestation’’, but its monitoring and mapping
remains a quite challenging task. For instance, the
Brazilian Institute of Environment (IBAMA) located it
as a huge belt expanding from the state of Acre to the
state of Maranha˜o encompassing large areas of the states
of Amazonas, Rondonia, Mato Grosso and Para (Fig. 1).
More efforts are then required to map the important
geographical concept of the agricultural frontier in order
to better understand its drivers and think about efficient
land use policies to struggle its progress.
In this paper, we argue that remote sensing tech-
niques can improve the mapping of the agricultural
frontier in places where rapid agricultural changes are
observed such as the Amazon. Indeed, the main land-
use types characterizing the frontier landscape can be
Fig. 1 Map of the study area representing: (a) the Legal
Amazon boundaries, (b) the arc of deforestation according to the
IBAMA (Brazilian Institute of Environment) and (c) the Mato
Grosso state boundaries, main roads, cities, rivers and protected
areas (including the Xingu indigenous land)
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monitored by satellite images. Clearings have been well
detected by satellite images for a long time, especially
in tropical forests (Achard et al. 2002). The Brazilian
Institute for Space Research (INPE) has developed an
efficient methodology to detect annual clearings in
Amazonia under the frame of the PRODES project
(Programa de Calculo do Desflorestamento na Amazo-
nia; INPE 2011a). Croplands have also been well
studied by the remote sensing community due to its
importance for food safety and its impacts on ecosystem
services (see the MARS (Gallego 1999) and Crop
Explorer projects as large-scale examples; http://www.
pecad.fas.usda.gov/cropexplorer/). Even if high reso-
lution images (Landsat or SPOT) are usually preferred
for mapping agricultural areas, recent studies have
proven the interest of medium resolution data such as
MODIS images for mapping crops at regional scale
(Jasinski et al. 2005; Morton et al. 2006; Wardlow and
Egbert 2008). Same data has also been successfully
used for mapping agricultural practices. For instance,
crop types such as soybean and maize were discrimi-
nated in areas characterized by large open fields such as
in the United States (Lobell and Asner 2004; Chang
et al. 2007; Wardlow and Egbert 2008). More inter-
estingly, few studies went further on by mapping
intensive agricultural practices including annual double
cropping systems, especially in Amazonia (Brown et al.
2007; Galford et al. 2008; Arvor et al. 2011).
Based on the potentialities carried by remote sensing
techniques for the analysis of various land-use types, the
objective of this paper is to propose an innovative
methodology for mapping the soybean agricultural
frontier in the Amazonian state of Mato Grosso (Brazil)
using satellite data acquired during the 2000–2006
period. We first review the main theoretical concepts
referring to the agricultural frontier and we illustrate it
with the case of soybean expansion in Mato Grosso. We
then introduce the remote sensing products and the
methodology used for mapping the soybean agricultural
frontier. The results are finally presented and discussed
with regard to the colonization history of Mato Grosso
for a better understanding of the frontier’s evolution.
Conceptual description of the soybean agricultural
frontier
The pioneer frontier is a well-studied geographical
concept, which was first described by Turner (1893)
who analysed the American frontier in the United
States of America. The frontier was defined as a
moving limit separating inhabited areas from areas to
be settled. In the Brazilian context, Monbeig (1952)
defined the frontier as a piece of space being
incorporated to the ecumene. It is a rural area in
contact with wild areas (Droulers and Le Tourneau
2000), which are subject to drastic transformations
(often non-reversible) of the natural space (Coy 1996).
The incorporation of space is made dynamically
(Becker 1986), so that it has a spatial depth (Dubreuil
et al. 2008) and cannot be simply thought as a
continuous line (The´ry 2006). Besides, Monbeig
(1952) preferred talking about a pioneer fringe instead
of a pioneer frontier. Moreover, the dynamic is not
constant, neither in space, nor in time. It is made of
breaks and jumps that express the variability of the
progress of the demographic and economic occupation
of the territory (Le´na 1986). Thus, understanding the
pioneer frontier implies analysing societies that make
it up (The´ry 2006). The frontier is a territory where
conflicts between actors and social groups prevail and
result in a spatial occupation marked by a mosaic of
landscapes (Dubreuil et al. 2008).
As a consequence, it is expected that landscape
analysis can help monitoring the evolution of the
pioneer frontier. The main hypothesis on the land-
scape-frontier relationship consists in admitting that,
within a particular region, land-use potentially follows
a series of transitions, which are intricately related to
both economic development and the ecological char-
acteristics of the landscape (DeFries et al. 2004). Five
successive stages of land-use types are defined and can
be used to monitor the progress of the frontier (DeFries
et al. 2004; Mustard et al. 2004):
• The pre-settlement stage is the initial stage, at
which the main land-use is represented by
wildlands.
• The frontier stage begins with the arrival of the first
settlers who start clearing wildlands, usually for
timber or for developing subsistence agriculture.
• The subsistence stage is characterized by a major-
ity of the population dedicated for food production
for local consumption.
• The intensifying stage starts when small-scale
farms are replaced by large-scale farms where
commodities are cultivated in order to be sold on
national or international markets.
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• The intensive stage is characterized by a large
proportion of the agricultural area being cultivated
by intensive practices. Moreover, with the devel-
opment of a profitable agriculture, new migrants
are attracted and the urbanization process is
increasing. New considerations regarding envi-
ronment and quality of life then appear, allowing
the emergence of new environmental governance
(Brannstrom 2009). It results in the creation of new
protected areas or in native tree plantations which
can be considered as part of a forest transition
process (Rudel et al. 2005).
In summary, agricultural frontiers between farm-
land and wildlands are defined by new relations of
production and interplays between conservation,
shifting modes of agriculture and natural resource
use and management (Hirsch 2009).
Theoretically, the model of the frontier dynamic
proposed by DeFries et al. (2004) can be applied to any
location in the world. We propose to discuss its
adaptation for the case of the state Mato Grosso, in the
Brazilian Amazon.
Adaptation of the frontier model to the case
of Mato Grosso
Historical background of the colonization of Mato
Grosso
The state of Mato Grosso (906,000 km2) is located in
the southern part of the Legal Amazon. It is charac-
terized by the presence of an active pioneer frontier,
whose dynamic has firstly been explained by geopo-
litical factors. Although it has been inhabited for a
long time, its spatial occupation only began in the
1930s with the launch of the first governmental
colonization programs in Amazonia. Financial incen-
tives were granted to attract people and new infra-
structures were built. In Mato Grosso it is worth
mentioning the East–West BR-364 road (inaugurated
in 1964) that reinforced the occupation process in the
southern regions of the state and the North–South BR-
163 road (built in 1973) that allowed the occupation of
its most northern regions. After the mid-1970s, the
government opened the Amazon to private capitals in
order to create development poles designed for
exportation (Ne´de´lec 2005). Capitalized farmers from
Southern Brazil acquired cheap large areas in Mato
Grosso to cultivate rice and soybean (Jepson 2006). At
the same time, private companies bought cheap public
lands in order to create colonization projects, which
then turned into cities in the 1970s and 1980s (Siqueira
2002).
After the end of the military government (1984),
economics logic gained upper the hand of geopolitics
logic. A powerful mechanized agriculture was devel-
oped by capitalized farmers who settled Mato Grosso
in the context of private colonization. The main crop
produced was soybean whose planted area increased
from 1.5 million to 6 million hectares between 1990
and 2005 (IBGE 2011). At the same time, yields also
increased rapidly and led Mato Grosso to become the
main agricultural state in Brazil (31.3 % of the
national production for soybean in 2009; IBGE
2011). In the 2000s, the intensifying process went on
with the adoption of new intensive practices such as
double cropping systems involving new crops (soy-
bean followed by maize or cotton) (Arvor et al. 2012).
The last 60 years have then been marked by drastic
changes in Mato Grosso. These changes led to
important environmental issues such as deforestation
in forest and savanna (cerrado) that represent the two
main biomes in Mato Grosso. The expansion of
mechanized croplands has been recognized as a major
driver of deforestation (Cardille and Foley 2003;
Morton et al. 2006). Above all, Fearnside (2001)
noticed that soybean cultivation can be considered as a
driver of the advance of the pioneer frontier since it
justifies the construction of new transportation and
energy infrastructure projects that will support the
future arrival of new settlers. To limit the environ-
mental impacts of the progress of the pioneer frontier,
new efficient land-use policies are required. For
example, a Soy Moratorium was signed by farmers,
private companies and NGO’s in order to ban the
purchase of soybean harvested on fields that have been
cleared after 2006 (Rudorff et al. 2011). Finally, the
issues raised by the evolution of the agricultural
frontier in Mato Grosso pointed up the necessity for its
monitoring.
A frontier model adapted to the soybean
agricultural frontier in Mato Grosso
Based on the brief historical background of Mato
Grosso, it appears that the frontier model proposed by
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DeFries et al. (2004) requires few changes in order to
be adapted to the context of the remote sensing-based
monitoring of the soybean agricultural frontier in
Mato Grosso. These changes refer to the following
points:
• The main frontier clearings are carried out by large-
scale farmers dedicated to soybean production or
cattle ranching, whose pastures are then converted
to soybean (Arima et al. 2011; Arvor et al. 2012).
The subsistence stage is then inexistent in most
cases so that we merged the frontier clearings, the
subsistence agriculture and the pastures in a same
land-use type corresponding to non-croplands.
• Croplands are separated into extensive and inten-
sive croplands according to the agricultural prac-
tices applied by farmers. The extensive croplands
are characterized by single cropping systems
(mainly soybean) whose profit is linearly linked
to the cultivated area. The recent agricultural
evolution indicates that new more intensive prac-
tices are now being adopted. Double cropping
systems are here considered as intensive crop-
lands, whose profit is linked to both the cropped
area and the agricultural practices.
• As we changed the meaning of main land-use types
considered, the names describing the stages in
land-use transition were not adapted. We substi-
tuted the frontier and subsistence stages (initially
proposed by DeFries et al. 2004) by the occupation
and consolidation stages, respectively. The occu-
pation stage corresponds to the arrival of migrants
(Coy 1996) while the consolidation stage aims at
pursuing the territorial occupation in order to make
it productive (Albaladejo et al. 1996).
The main land-use types to be considered in this new
frontier model are then: wildlands (as undisturbed
areas still not converted by farmers), non-croplands
(i.e. clearings, subsistence agriculture and pastures),
extensive croplands (single cropping systems) and
intensive croplands (double cropping systems). We
argue that the agricultural frontier can then be analysed
through the monitoring of three sub-frontiers corre-
sponding to the land-use transitions between these
land-use types (Fig. 2): the ‘‘deforestation sub-fron-
tier’’ which is observed when wildlands are cleared, the
‘‘economic sub-frontier’’ which is observed when
cropped areas for commodities are expanding (or
retracting), and the ‘‘intensification sub-frontier’’
which is observed when the agricultural practices are
evolving to turn agriculture more profitable.
Data and methods
Data
In the present work, remote sensing techniques were
applied to produce land-use maps for monitoring three
spatio-temporal dynamics: deforestation, agricultural
expansion and agricultural intensification. For each
dynamic, maps were produced for the years 2000 and
2006 in order to analyze changes. Agricultural maps
are noted 2000–2001 and 2006–2007 which corre-
spond to cropping years (from September to April).
The deforestation maps provided by INPE are
annually produced based on Landsat images for the
Brazilian Amazonian biome under the frame of the
PRODES project (INPE 2011a). In the case of our
study focused on the state of Mato Grosso, this product
has a main limitation which is that the areas cleared in
the cerrado and Pantanal biomes are not considered.
The SEMA-MT (State Secretary of Environment in
Mato Grosso) also produces deforestation maps based
on visual interpretation of Landsat and CBERS
images. These nearly annual data have the advantage
to map clearings in the cerrado and the Pantanal but
they are not produced automatically. In summary, both
data are complementary and we fused them in order to
produce a finer dataset.1 Deforested areas were
considered as deforested if at least one data source
(PRODES or SEMA) labeled it as deforested in the
forest area, and if the SEMA’s data source labeled it as
deforested in the cerrado biome (Fig. 3).
The agricultural expansion maps (Fig. 4) were
produced based on classifications of time series of
MODIS TERRA (product MOD13Q1) vegetation
indices at a 250 m spatial resolution and 16 days
temporal resolution. The chosen vegetation index was
the EVI (Enhanced Vegetation Index) which presents
the advantage to be less affected by saturation due to
soil and atmosphere effects than the NDVI (Normalized
1 Unfortunately, although the PRODES deforestation maps are
annually updated and freely released to the scientific commu-
nity, we did not get access to the SEMA deforestation maps
produced after 2006. As a consequence, we could not update our
study.
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Fig. 2 Stages of the
evolution of the pioneer
frontier and the
corresponding land-use
types adapted from DeFries
et al. (2004) to the case of
soybean expansion in Mato
Grosso
Fig. 3 Deforestation map
of Mato Grosso for the
2000–2006 period (Sources:
INPE; SEMA-MT)
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Difference Vegetation Index) and thus is more adequate
for tropical regions (Huete et al. 2002). The classifica-
tion discriminated croplands from other vegetation
covers, i.e. rainforest, cerrado and pastures. The
methodology used for the classification is described in
Arvor et al. (2011). It consists in a five-step method-
ology including: (1) a time series analysis, (2) a time
series smoothing, (3) a feature extraction, (4) a
supervised classification and (5) a post-classification
process. The classification accuracy was estimated by
computing standard statistics such as the overall
accuracy and Kappa index (Congalton 1991). The
results (overall accuracy = 85.50 % and Kappa
index = 0.8067) validated the quality of the classifi-
cation to separate croplands from other vegetation
covers. The resulting maps allowed locating the four
main agricultural regions in Mato Grosso: (A) the
western region, (B) the central region along the BR-163
road, (C) the southeastern region and (D) the eastern
region (Fig. 4).
The maps of agricultural intensification were built
on the observation that agricultural intensification in
Mato Grosso is mainly characterized by the adoption
of double cropping systems. In order to map such
areas, same MODIS EVI time series introduced in the
previous section were used and only pixels already
detected as croplands in the preliminary classification
were considered for classification. This classification
process has also been described in Arvor et al. (2011).
Five crops classes were discriminated including three
classes representing single cropping systems (soy-
bean, cotton and soybean followed by a non-commer-
cial crop) and two classes representing double
cropping systems (soybean followed by maize and
soybean followed by cotton). Classes were then
merged to obtain maps allowing the differentiation
of single and double cropped areas for the 2000–2001
and 2006–2007 cropping years (Fig. 5). The classifi-
cation statistics (overall accuracy = 90.5 % and
Kappa index = 0.81) validated the maps quality.
Fig. 4 Agricultural
expansion in Mato Grosso.
The four main agricultural
regions are: A the western
region, B the central region,
C the southeastern region
and D the eastern region
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Method for mapping the soybean agricultural
frontier
The method adopted to map the agricultural frontier
has been divided in three steps. First, we identified a
spatial scale for monitoring land-use dynamics at a
local scale that would be compatible with the use of the
input remote sensing products. Second, we defined
indices to be computed at this spatial scale in order to
monitor the spatio-temporal evolution of the ‘‘defor-
estation sub-frontier’’, the ‘‘economic sub-frontier’’
and the ‘‘intensification’’ sub-frontier. Third, we
developed a new rule-based model adapted from
Fig. 2 in order to map the soybean agricultural frontier
based on remote sensing data.
Mapping the agricultural frontier implies defining a
spatial scale adapted to rural areas. There are three
relevant spatial scales for studying rural areas: the farm,
the agrarian locality and the state or country scale
(Albaladejo et al. 1996). The farm scale is linked with
fine issues (such as agricultural precision) whereas the
state or country scale is more concerned with global
agriculture monitoring. At the agrarian locality scale, it
is the matter of identifying territories in which produc-
ers do not act as isolated actors. On the contrary, they are
considered as part of a same social group where people
interact regularly and then adopt common agricultural
practices (Albaladejo et al. 1996). This way, the
agrarian locality does not consider only farmers but
the entire agricultural sector represented by agricultural
technicians, researchers, purchasers, local politics who
adopt a common agricultural strategy. The most intu-
itive administrative level corresponding to the agrarian
locality is the municipality since both the associative
and the institutional networks are organized at this scale.
However, municipalities in Mato Grosso are very large
so that this scale does not allow mapping the agricultural
frontier with enough accuracy. It is then necessary to
define a spatial scale that is both sufficiently coarse to
map a group of farms and sufficiently fine to observe
different stages of the frontier’s evolution on a small
territory. According to the SEMA-MT, there are 1,175
localities (distritos) with indefinite spatial borders in
Mato Grosso, whose total area is 906,000 km2. Thus,
each locality represents an average area of 771 km2.
Technically, the agrarian locality was represented by a
27.75 9 27.75 km moving window (or 111 9 111
pixels on 250 m spatial resolution input data, equivalent
to an area of 770 km2). For each window, we then
calculated three indices for monitoring the evolution of
the agricultural frontier.
We defined three indices for mapping the three sub-
frontiers based on the four main land-use types
considered, i.e. wildlands (non-deforested areas), non-
croplands (usually pastures or small-scale agriculture),
extensive croplands (single cropped areas) and
Fig. 5 Agricultural intensification in the state of Mato Grosso in 2000–2001 and 2006–2007 cropping years
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intensive croplands (double cropped areas). First, the
‘‘deforestation sub-frontier’’ was mapped by comput-
ing the percentage of deforestation per agrarian locality
(DEF index). Second, ‘‘the economic sub-frontier’’ was
mapped by computing the percentage of croplands area
as compared to the total deforested area per agrarian
locality (ECO index). Finally, the ‘‘intensification sub-
frontier’’ was mapped by computing the percentage of
double cropped areas as compared to the cropped area
per agrarian locality (INT index). Regarding the ECO
and INT indices, the values were only computed for
pixels where the denominator value (deforestation area
and croplands area, respectively) was higher than 2 %
in order to avoid any irrelevant visual effects. Indeed, in
areas where little deforestation areas (croplands areas)
were detected, any misclassification of the input remote
sensing products may induce high indices values if
these few deforestation (croplands areas) areas were
detected as croplands areas (double cropped areas).
After mapping the ‘‘deforestation’’, ‘‘economic’’ and
‘‘intensification’’ sub-frontiers, a similar approach was
applied to map the soybean agricultural frontier. The
method is adapted from the theoretical frontier model
introduced in Fig. 2 in order to make it consistent with
the integration of land-use statistics. For this purpose,
rules have been defined on the percentage of landscape
represented by main land-use types per moving window
(Fig. 6). We then estimated the evolution stage of the
frontier corresponding to each agrarian locality. The
final diagram contains eight classes instead of the five
initial stages (Fig. 2). This increase is explained by the
fact that the occupation, consolidation and intensifying
stages were split into croplands and non-croplands
classes (croplands here only consider large-scale
cropped areas). Indeed, for each of these stages, it
was necessary to understand if the driver for changing
was large-scale agriculture or not. For instance, reach-
ing the occupation stage implies that wildlands have
been cleared. However, it is of interest to know if
clearings are linked to extensive crops expansion or not
(if not, the most common cause of clearings is pasture or
small-scale agriculture). The stages were identified
based on thresholds of proportion of landscape applied
on land-use areas adopted from Clairay (2005).
The eight evolution stages of the new diagram are
defined as follows:
• pre-settlement (1): wildlands areas are dominant in
the agrarian locality, i.e. wildlands areas represent
more than 90 % of the moving window.
• non-croplands (2) and croplands (3) occupation:
wildlands areas have decreased but are still
majority in the agrarian locality, i.e. wildlands
areas represent between 50 and 90 % of the
Fig. 6 Rules to adapt the
frontier model (Fig. 2) for
mapping the soybean
agricultural frontier based
on remote sensing data
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moving window. On the cleared areas, if the area
dedicated to extensive croplands is greater than the
area occupied by non-croplands, the stage is called
croplands occupation. Otherwise it is called non-
croplands agricultural occupation.
• non-croplands (4) and croplands (5)consolida-
tion: wildlands areas are still decreasing so that
they now represent between 25 and 50 % of the
agrarian locality. If the area dedicated to croplands
is greater than the area non dedicated to croplands,
the stage is called croplands consolidation. Other-
wise it is called non-croplands consolidation.
• non-croplands (6) and croplands (7)intensifying:
this stage is reached when wildlands stand for less
than 25 % of the agrarian locality. If croplands
areas are greater than the non-croplands areas and
if more than 50 % of the croplands are cultivated
with a single cropping system, we considered it as
croplands intensifying stage, otherwise we called it
non-croplands intensifying stage.
• intensive (8): the intensive stage is achieved when
wildlands nearly disappeared (less than 25 % of
the agrarian locality), the areas dedicated to
croplands represent more than 50 % of the cleared
area and double cropped areas stand for more than
50 % of the cropped area.
Results
The sub-frontiers
The evolution of the ‘‘deforestation sub-frontier’’
(which actually corresponds to a portion of the ‘‘arc
of deforestation’’) between years 2000 and 2006 is
illustrated in Fig. 7. It appears from these maps that
southern regions of Mato Grosso are the most affected
by deforestation, except the Pantanal region whose
vegetation has not been as affected as other biomes (but
is also affected by human impacts: Machado et al.
2011). However, the difference between the two maps
indicates that the ‘‘deforestation sub-frontier’’ moved
up north into the Amazon forest. Especially, the
northern central and northeastern regions have been
affected by deforestation. Huge glades increased
whereas the main wildlands areas remaining in Mato
Grosso are located in protected areas, i.e. either
conservation units or indigenous lands.
Fig. 7 Evolution of the ‘‘deforestation sub-frontier’’ in Mato Grosso between 2000 and 2006 based on the DEF index: percentage of
deforested area per area of 0.25 9 0.25
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The evolution of the ‘‘economic sub-frontier’’
between cropping years 2000–2001 and 2006–2007
is shown in Fig. 8. In 2000–2001, three main agricul-
tural regions appeared: (1) a central region, along the
BR-163 and around Sorriso, (2) a western region, on
the Chapada dos Parecis, around Campo Novo dos
Parecis and Sapezal (note that this area is divided by
an indigenous land; Dubreuil et al. 2009), and (3) the
southeastern area, around Campo Verde and Rondo-
nopolis. In 2006–2007, the same three regions were
observed with the exception that a fourth agricultural
region appeared in the eastern part of the state (near
Querencia). The evolution between 2000–2001 and
2006–2007 shows that the two main regions (i.e. the
central region and the western region) are getting
closer, indicating they could be merged in the next
years. Furthermore, the appearance of the eastern
region highlights important issues for the protection of
the Xingu indigenous park that will be nearly entirely
surrounded by crops. Finally, the southeastern region
did not show any major significant evolution.
The evolution of the ‘‘intensification sub-frontier’’
between cropping years 2000–2001 and 2006–2007 is
introduced in Fig. 9. In 2000–2001, double cropping
systems (soybean followed by either maize or cotton)
were only adopted in the close surroundings of Sorriso
and did not represent a major part of the agricultural area
since less than 50 % of the cropped areas were cultivated
with two annual crops. On the contrary, in 2006–2007,
double cropping systems appeared to be applied in the
three main agricultural regions (central, western and
southeastern regions). In the central (Sorriso) and
western (Chapada dos Parecis) regions, more than
50 % of the total cropped area was intensively culti-
vated. This percentage even reached a value higher than
90 % in Lucas do Rio Verde, next to Sorriso. In the
southeastern region, intensive agricultural practices
were also adopted, but to a lesser extent (less than
50 % of the total cropped area). Finally, double cropping
systems are nearly inexistent in the eastern region.
The soybean agricultural frontier
Finally, the Fig. 10 summarizes the information
shown in previous sections through the representation
of the evolution of the agricultural frontier in Mato
Grosso between 2000–2001 and 2006–2007. It con-
firms main conclusions from the observation of the
‘‘deforestation’’, ‘‘economic’’ and ‘‘intensification
sub-frontiers’’.
Fig. 8 Evolution of the ‘‘economic sub-frontier’’ in Mato Grosso between 2000 and 2006 based on the ECO index: percentage of
extensive cropped area as compared to the deforested area (class\10 % also includes non-deforested areas)
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Fig. 9 Evolution of the ‘‘intensification sub-frontier’’ in Mato Grosso between 2000 and 2006 based on the INT index: percentage of
cropped area with double cropping system as compared to the total cropped area (class\10 % also includes non-deforested areas)
Fig. 10 Map of the evolution of the soybean agricultural frontier in Mato Grosso between 2000–2001 and 2006–2007 according to the
land-use transition stages proposed in Fig. 6
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Only the protected areas and the Pantanal region
remained at the pre-settlement stage being mainly
dominated by wildlands. A major part of the state is at
an occupation or consolidation stage, confirming that
Mato Grosso is a recently colonized state in a process
of incorporation to the national space. Deforestation is
still going on and reaches more than 50 % of the
localities’ area in various places.
Only three main regions (central, western and
southeastern) appeared as being designed for large-
scale agriculture (i.e. croplands consolidation stage).
The eastern region did not appear on these maps because
agriculture still did not represent the main land-use (but
it is changing quickly!). The southeastern agricultural
region did not evolve a lot during the study period, with
the two main stages represented being croplands
consolidation and croplands intensifying. The western
agricultural region has evolved interestingly, with some
localities such as Sapezal which evolved from the
agricultural intensifying stage to the intensive stage.
This means that more than 50 % of the cropped areas
were cultivated with double cropping systems, so that
the last stage of the agricultural frontier was achieved.
Finally, the central agricultural region along the BR-163
experienced the most important changes. During the
study period, the localities at croplands consolidation
stage expanded, meaning that croplands were the main
driver of deforestation in these areas. At the same time,
intensification also evolved since the main area around
Lucas do Rio Verde and Sorriso evolved from the
croplands intensifying to the final intensive stage. Thus,
these maps confirmed that Mato Grosso is still experi-
encing a very active colonization process that drives the
advance of the soybean agricultural frontier.
Discussion
The results introduced in this paper highlight the
extent and the rapidity of the progress of the soybean
agricultural frontier in Mato Grosso during the
2000–2006 study period. In this section, we propose
to discuss these results in order to better understand the
frontier process in Mato Grosso.
Understanding the ‘‘deforestation sub-frontier’’
It appears from the previous results that the southern
regions of Mato Grosso have been more affected by
deforestation than northern areas. This is justified by
the historical occupation of the state that first began
with the colonization of the cerrado biome, located in
the southern part of the state and easier to clear than
forest. Moreover, the maps of the ‘‘deforestation sub-
frontier’’ highlight the importance of the governmen-
tal measures in the deforestation process in Mato
Grosso. The most deforested areas are located along
the main roads planned by the federal governments
(the BR-163, crossing Sorriso in the centre of Mato
Grosso and the BR-158, in the eastern part of Mato
Grosso). Creating such roads in wild areas induced a
decrease in transport costs that incentivized defores-
tation (Weinhold and Reis 2008). These roads have led
to the appearance of cleared corridors which are now
connecting to form super-glades (Clairay 2005). It
thus confirms the efficiency of the federal programs to
settle the Amazon based on road constructions. On the
contrary, other federal programs were efficient to
prevent deforestation. Especially, protected areas,
either conservation units or indigenous lands, repre-
sent the last defence against deforestation. It confirms
the efficiency of traditional populations to preserve
their environment and then validates the creation of
such areas for environmental purposes (Schwartzman
and Zimmerman 2005; Nepstad et al. 2006).
Understanding the ‘‘economic sub-frontier’’
The ‘‘economic sub-frontier’’ evolved rapidly between
2000–2001 and 2006–2007. Such evolution needs to
be discussed with regard to four important consider-
ations. First, the two main agricultural regions (central
and western regions) are expanding more rapidly than
the southern agricultural region. This may be due to
the fact that this southern area was colonized more
anciently so that few areas remain to be cleared.
Second, the same central and western regions are
expanding in such a way that they are actually merging
to form a huge agricultural region that will occupy the
entire central area of Mato Grosso. This phenomenon
was incentivized by the creation of state roads joining
the BR-163 to the Chapada dos Parecis. The process
should now evolve with the creation of another recent
road joining the BR-163 to the BR-258, allowing
future connections between the central and eastern
regions. As a consequence, a large soybean belt will
appear, creating a new agricultural ecotone separating
the cerrado and Amazonian forest biomes. Third, the
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rapid appearance of the eastern agricultural region is
partly explained by the planning of new transportation
projects (the asphalting of the BR-258 and the railway
to Maranha˜o) which attracted large-scale farmers,
such as the former governor Blairo Maggi, whose
company bought an 80.000 ha farm in this area in
2003 (http://www.grupoandremaggi.com.br/). Finally,
the pressure of crop expansion on protected areas such
as the Xingu indigenous land appears clearly and raises
environmental issues linked to the fact that main Xingu
headwaters are located outside the protected area
(Fig. 1).
Understanding the ‘‘intensification sub-frontier’’
Intensive practices have been widely adopted by
farmers during the study period. Such an intensifica-
tion process may be explained by three main drivers.
First, the presence of efficient research institutes in the
area divulgating new practices to the soybean farmers
incentivized them to intensify their production. Sec-
ond, Arvor et al. (2010) have proven that there is a
statistical link between the mean length of the rainy
season and the adoption of double cropping systems in
Mato Grosso. The mean duration of the rainy season in
Sorriso and Lucas do Rio Verde was shown to be, in
average, 15 days longer than in the Chapada dos
Parecis and 25 days longer than in Rondonopolis.
Thus, this climatic factor allows the generalization of
double cropping systems in the central region whereas
it may be a limitation for its adoption in the
southeastern region. Interestingly, the mean duration
of the rainy season in the newly appeared eastern
region (around Querencia) was found to be only
10 days shorter, in average, than in Sorriso. However,
the adoption of double cropping systems in this region
does not appear to be the rule. This may be due to the
fact that this area has been recently converted to crop
production so that the soils have not been sufficiently
corrected for enabling the cultivation of two succes-
sive crops in a year. However, the fact that the rainfall
regime may promote the adoption of double cropping
systems on a mid-term timescale is quite worrying in
terms of pollution and deforestation effects around the
Xingu indigenous land. Third and finally, the level of
adoption of double cropping systems may also be
linked to historical colonization reasons. For instance,
a municipality such as Lucas do Rio Verde has been
firstly created in a context of public colonization with
small areas assigned to the farmers. Even, if the
situation has changed now, the mean farm size
remains smaller in Lucas do Rio Verde than in the
Chapada dos Parecis for instance. On large scale farms
(sometimes up to 40,0000 ha in Sapezal), the sowing
period lasts various weeks (from mid-September to
early December) depending on the rainfall conditions
and the available agricultural machines. As a conse-
quence, fields that have been sown lately are also
harvested lately so that not enough time remains to
sow a second crop.
Understanding the soybean agricultural frontier
After discussing the evolution of the sub-frontiers
independently, we propose to adopt a global perspec-
tive to discuss the overall agricultural frontier. First,
the protected areas remain the last areas at the pre-
settlement stage, illustrating their efficiency to strug-
gle the evolution of the agricultural frontier. However,
this point emphasizes few important issues: (1)
protected areas are becoming isolated islands whose
conditions inside its boundaries may be affected by the
land-use observed outside; (2) the isolation of some
protected areas illustrates the fact that there is no
coherent ecological strategy on landscape fragmenta-
tion and connectivity, overall in a context of biodi-
versity conservation (although it might be sufficient to
limit climate change; Walker et al. 2009); and (3) most
protected areas are located in the Amazon rainforest
biome implying that the cerrado is abandoned to
deforestation (Klink and Machado 2005), whereas the
latter has been recognized of high importance for
biodiversity conservation (Myers et al. 2000).
Second, most localities in Mato Grosso are actually
at a non-croplands occupation or consolidation stage,
meaning that crop is not the main land-use on
deforested areas. These areas are then more concerned
with pasture expansion, forest regeneration, small-
scale agriculture or urbanization. This point empha-
sizes a methodological issue with respect to the
mapping of the agricultural frontier in this work.
Indeed, this study focused on the soybean agricultural
frontier where large-scale farmers are responsible for
the main part of the pioneer process. However, one
should keep in mind that such process is not
representative of the entire Amazon. In most other
states of the legal Amazon and even in the northern
areas of Mato Grosso, the frontier is pushed back by
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other actors, i.e. small farmers, loggers, miners, etc.
Thus, such study should now be completed with other
land-use types such as pasture, vegetation regenera-
tion (Jepson 2005) or small-scale farms. However,
MODIS EVI time series were not efficient to discrim-
inate such land-uses. One main direction to achieve
these new objectives may consider using higher spatial
resolution data such as Landsat images. Indeed, even if
the high cloud coverage remains a limitation for the
use of such data in tropical places (Asner 2001), time
series of Landsat images have already been proven to
be useful for such mappings in the Amazon basin
(Prates-Clark et al. 2009). The recent launch of the
TerraClass project (INPE 2011b) whose aim consists
in qualifying land-use classes in deforested areas of
the Amazon could be used to improve the methodol-
ogy by considering forest regeneration and pasture
especially. Moreover, the 0.259 0.25 moving win-
dow is an approximation of the area of an agrarian
locality. This approximation may be improved
through considering the use of spatial features such
as texture, geometric and spatial relationships analysis
to characterize landscapes patterns related to specific
land-use types.
Third, the maps of the agricultural frontier indicate
that the pioneer process is affected by a strong spatial
variability. For instance, the northern areas of Mato
Grosso follow a different model than the four
agricultural regions introduced in this paper. Indeed,
in this region, pasture and small scale farms predom-
inate. However, it does not mean that these areas are
not affected by the soybean agricultural frontier.
Actually, an important issue consists in analyzing the
potential relationships between the sub-frontiers in
order to better explain the processes that drive the
agricultural frontier and its potential implications. For
instance, significant correlations between soybean
prices and deforestation (Morton et al. 2006) prove
that a statistical link between the ‘‘economic’’ and
‘‘deforestation sub-frontiers’’ does exist. However,
this correlation does not indicate if this link is direct or
indirect, i.e. if forests are cleared to be directly
converted into crops or if forests are cleared to be
transformed in pastures, which are then converted into
crops (Fearnside 2001). Actually, this link between
soybean and pasture expansion is even more straightly
related since both are induced by increasing world
consumption of beef (McAlpine et al. 2009). Accord-
ing to Arvor et al. (2012), 27 % of crop expansion
from 2002–2003 to 2005–2006 in Mato Grosso was
based on direct conversions of native vegetation areas
into croplands. As a consequence, the link between
crop expansion and deforestation may mainly be due
to indirect land-use changes (Arima et al. 2011). In
that case, one might assume that, whereas soybean
farmers are acquiring former pasture areas in the main
agricultural regions in order to convert them into
crops, they give the opportunity for cattle ranchers to
clear larger areas at a cheap price further ahead on the
pioneer frontier, i.e. in northern Mato Grosso and in
Para state. This conclusion has important conse-
quences for the definition of local policies such as
the Soy Moratorium which was signed between
NGO’s, companies and farmers associations to ban
soybean expansion on areas deforested after 2006
(Rudorff et al. 2011). Moreover, a debate also exists on
the impact of the ‘‘intensification sub-frontier’’ on the
‘‘economic’’ and ‘‘deforestation sub-frontiers’’. Agri-
cultural intensification may be the best way to limit
crop expansion and deforestation (Borlaug 2000;
Laurance et al. 2001) in the Amazon since less
agricultural areas are necessary to reach high produc-
tion levels. However, at a regional scale, this conclu-
sion may not be true since agricultural intensification
also makes agricultural activities more profitable so
that more funds are available to clear or buy new areas
in order to expand crops (Angelsen and Kaimowitz
2001a, b). Thus, a main issue regarding the agricul-
tural frontier evolution concerns the fact that intensi-
fying the agricultural production may incentivize crop
expansion, and consequently deforestation. The only
use of remote sensing data will not allow responding
such issues and it is then necessary to combine various
data sources (remote sensing, environmental, historic,
economic and social data) to achieve a relevant and
complete understanding of the drivers of the agricul-
tural frontier.
Conclusion
The Brazilian Amazon is considered as one of the last
pioneer frontier in the world. Its progress is believed to
be driven by both political and economic reasons.
Monitoring the evolution of this frontier helps us
illustrating the processes that lead to such a rapid
moving forward. We developed a method based on
remote sensing data and a model adapted from DeFries
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et al. (2004) to map the evolution of the soybean
agricultural frontier in the Amazonian state of Mato
Grosso between 2000 and 2006. The resulting maps
highlighted the rapidity of the expansion of this
frontier driven by a soybean boom initiated in the
1980s. In 2006, some territories had reached the final
stage of the frontier (intensive stage) whereas they
were still pristine 40 years ago. We were then able to
discuss the frontier expansion based on a historical
background of the colonization process in Mato
Grosso. While the ‘‘deforestation sub-frontier’’ is
mainly driven by governmental measures, the ‘‘eco-
nomic’’ and ‘‘intensification sub-frontiers’’ mostly
depend on international economic drivers. The ‘‘eco-
nomic sub-frontier’’ illustrated the agricultural expan-
sion in Mato Grosso during the last decade. It
indicated that the main four agricultural regions are
expanding quickly and will soon be connected so that a
soybean belt will appear as an ecotone between the
cerrado and forest biomes. Such an expansion
enhanced by an intensification process in a region
located on the border of the Amazon and Paraguay
basins raises environmental issues for important
ecosystems such as the Amazon rainforest, the cerrado
and the Pantanal. Social issues are also critical since
indigenous populations are being highly affected by
agricultural activities on the surroundings of their
protected lands. Moreover, the development of such a
capitalized agriculture does not solve unfairness issues
between social classes, as it was initially expected by
the Brazilian governments that established the colo-
nization programs. Finally, in regards to these worry-
ing conclusions, it appears necessary to institute
efficient environmental governance that regulates the
frontier expansion and promotes ecological intensifi-
cation practices (Matson et al. 1997; Cassman 1999;
Tilman et al. 2002).
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